Dimethylsulfoxide enhanced the phototrophic growth of Rhodobacter sphaeroides in blue light by enabling cells to grow to a higher culture density. This enhanced growth with dimethylsulfoxide was not due to redox poising of the cyclic photosynthetic electron transfer chain and did not involve respiration. It was demonstrated that carotenoids and cyclic electron transfer were obligatory for the effect of dimethylsulfoxide suggesting that this molecule enhances the harvesting of blue light. The enhancement of blue light-dependent phototrophic growth by dimethylsulfoxide was shown to occur at very low concentrations of this molecule and this may have some significance for the growth of phototrophic bacteria in some environments. z
Introduction
In Rhodobacter sphaeroides phototrophic growth is an anaerobic process, with synthesis of the photosynthetic apparatus being repressed by oxygen [1] . The photosynthetic apparatus consists of two lightharvesting complexes (LHI and LHII) surrounding a photochemical reaction centre (RC). Analysis of LH complexes from purple non-sulfur bacteria by X-ray crystallography and electron microscopy has produced a more complete understanding of the capture of light energy [2, 3] . The LH complexes consist of a combination of polypeptides and pigments in a close network. The pigments include carotenoids (Crt) and bacteriochlorophyll a (Bchl). In R. sphaeroides the characteristic absorption peaks are 875 nm for Bchl in LHI complex and 800 and 850 nm for Bchl in the LHII complex. Carotenoids associated with the LH complexes absorb between 400 nm and 500 nm. Carotenoids protect the cell from photo-oxidative killing by reacting with photo-excited Bchl. A second function of carotenoids is as an accessory light-harvesting pigment involved in energy transfer to Bchl in the LH complex [4, 5] . As well as being capable of photosynthetic growth, R. sphaeroides is capable of using dimethylsulfoxide (DMSO) as an electron acceptor during anaerobic/dark growth. During experiments to examine blue light e¡ects on pigment synthesis in R. sphaeroides, we also investigated the e¡ect of DMSO under these conditions. Here, we report this study.
Materials and methods

Bacterial strains and growth conditions
All R. sphaeroides strains used in this study are shown in Table 1 . All strains were grown on RCV minimal medium containing vitamins required for the growth of this species [6] in completely ¢lled 30-ml screw-cap bottles. For growth in blue light, a ¢lter (Rosco supergel no. 358, transmittance maximum 450 nm) was placed around the bottles that were then placed 18 cm from 4U18-W £uorescent bulbs. When the ¢lter was used in conjunction with £uorescent bulbs transmittance of light at wavelengths greater than 700 nm was zero. Other chemicals were added from ¢lter-sterilised stock solutions to the following ¢nal concentrations: DMSO, 30 mM; trimethylamine N-oxide (TMAO), 24 mM; sodium nitrate, 15 mM; and sodium bicarbonate, 30 mM. Growth of a culture was monitored by capping the bottle with a butyl rubber septum. Samples were taken at various times through this septum using a syringe and the headspace was £ushed with nitrogen. The OD at 650 nm was monitored in a Hitachi U-3000 spectrophotometer.
Spectroscopic and biochemical analyses
The level of LH complexes and total Crts were determined as described [7, 8] , using a Hitachi U-3000 spectrophotometer. The production of nitrite from nitrate by R. sphaeroides was determined essentially as described in [9] . Determination of DMSO concentration in cell-free extracts using I H NMR was performed as described [10, 11] with the following exceptions: t-butanol (0.08% v/v) was used as the internal standard and spectra were collected in 10% D P O. All I H NMR spectra were collected using a Bruker AMX400 spectrometer. All error on all determinations was less than 10%.
Results
DMSO enhances the phototrophic growth of R. sphaeroides cells in blue light
Growth of R. sphaeroides 2.4.1 on RCV medium using blue light with a maximum transmission at 450 wild-type [26] nm was monitored in the presence and absence of DMSO. It can be seen the culture grown in the presence of DMSO reached a ¢nal OD TSH of 1.1 compared to only 0.4 for the cultures grown in the absence of DMSO ( Fig. 1 ). Electron transfer in purple phototrophic bacteria is cyclic and involves two transmembrane complexes, the RC which acts as a light-driven ferrocytochrome c P -ubiquinone oxidoreductase and the cytochrome bc I complex which acts as a ubiquinol-ferricytochrome c P oxidoreductase [12] . Cytochrome c P is essential for cyclic photosynthetic electron transfer in wild-type R. sphaeroides but it is not a component of the DMSO respiratory chain [13] . To determine whether the enhancement of growth of R. sphaeroides in the presence of DMSO was the result of cyclic electron transfer (and hence blue light-dependent photosynthesis), a mutant in cytochrome c P (CYCA1) was examined. The extent of growth of CYCA1 in blue light in the presence of DMSO was lower compared to wild-type cells (Fig.  1) . These data show that the increased growth in wild-type cells is dependent on photosynthesis and that enhanced growth under these conditions is not due to chemoheterotrophic growth with DMSO as an electron acceptor.
Carotenoids are required for growth of R. sphaeroides in blue light
It seemed likely that carotenoids were involved in blue light-dependent phototrophic growth; this was con¢rmed by showing that a carotenoid-less mutant, R. sphaeroides RS6548, exhibited an identical growth curve in the presence of DMSO in the dark or in blue light (data not shown). In this case growth of the culture was entirely dependent on respiration with DMSO as electron acceptor. As carotenoids appeared to be necessary for the e¡ect of DMSO on the growth of R. sphaeroides on blue light, mutants in the carotenoid biosynthetic pathway were also examined. Two green mutants, one of R. sphaeroides 2.4.1 (Ga) and another derived from R. sphaeroides RS630 (RS56), were examined. Both of these showed DMSO-enhanced growth in blue light (data not shown). R. sphaeroides adapts to a decrease in light intensity by increasing the size of the photosynthetic apparatus [14] . It seemed possible that DMSO might enhance the ability of R. sphaeroides to grow in blue light by increasing the size of the light-harvesting machinery. To test this hypothesis, the level of LH complexes was examined in R. sphaeroides 2.4.1 grown with and without DMSO in blue light. Table 2 shows the level of light-harvesting complexes. It can be seen that the addition of DMSO caused a decrease in the level of LH complexes and a decrease in the level of total carotenoids.
The e¡ect of DMSO is not due to redox poising of photosynthetic electron transfer or respiratory electron transfer
Optimal rates of light-driven electron transfer in purple bacteria are found at an ambient redox potential of about +100 mV [15] . The over-reduction or over-oxidation of components of the cyclic electron transport chain can restrict the rate of cyclic electron transfer and, hence, ATP synthesis and growth rate. It has been demonstrated that the electron acceptors nitrate, TMAO and DMSO can help maintain an optimal redox potential for photosynthetic electron transfer [16, 17] . Other electron acceptors were tested for their ability to substitute for DMSO. It has previously been reported that R. sphaeroides 2.4.1 possesses a nitrate reductase [18] and this was re-con-¢rmed (data not shown). R. sphaeroides 2.4.1 was grown with TMAO and nitrate in blue light. Neither of these could enhance the growth of R. sphaeroides with blue light. Similarly, bicarbonate, a molecule which also facilitates phototrophic growth of Rhodobacter by consuming reducing power in the Calvin cycle [10, 19] , did not enhance blue light-dependent growth of R. sphaeroides (Table 3 ). Since no other electron acceptor could replace DMSO in its ability to enhance the growth of R. sphaeroides in blue light it is concluded that the e¡ect of DMSO is not due to redox poising. The most interesting result from this study was the observation that TMAO could not replace DMSO. This was unexpected because these two electron acceptors are reduced by the same respiratory chain in R. sphaeroides. It follows that the e¡ect of DMSO on blue light-dependent growth of R. sphaeroides is independent of DMSO respiration. To con¢rm this, a dorS mutant of R. sphaeroides 2.4.1, (NM15), which is incapable of DMSO reduction due to its inability to induce the expression of DMSO reductase [20] , was tested for its ability to grow in blue light and DMSO. Table 3 shows that NM15 had growth characteristics identical to those of strain 2.4.1 with DMSO-dependent enhancement of cell growth. In this strain, DMSO should not be utilised by the cell. To con¢rm that this is the case, the level of DMSO in the growth medium was determined using NMR spectroscopy. R. sphaeroides 2.4.1 and NM15 were grown to mid-exponential phase in blue light and DMSO and the amount of DMSO remaining in the medium was determined, and compared with an uninoculated sample. The concentration of DMSO in the wild-type culture was reduced by half (16 mM) relative to the uninoculated sample (30 mM), while NM15 showed no utilisation of DMSO (33 mM). To determine whether the e¡ect of DMSO occurs at lower concentrations, various concentrations of DMSO were tested on R. sphaeroides 2.4.1 grown with blue light. Fig. 2 demonstrates the growth of 2.4.1 with various concentrations of DMSO; the presence of DMSO increases both growth rate and extent of growth of the culture.
Discussion
In this paper we have shown that DMSO enhanced the blue light-dependent growth of R. sphaeroides by enabling cells to grow to greater densities. The experiments using photosynthetically incompetent mutants showed that this phenomenon was linked to photosynthetic electron transfer and was not due to anaerobic dark respiration. Carotenoids were also shown to be obligatory for this e¡ect. These accessory pigments absorb light between the wavelengths 450 and 570 nm, a region of the spectrum in which Bchl does not absorb strongly [4] . The wavelengths emitted by £uorescent lights are in the range at which carotenoids absorb light and hence the requirement for carotenoids for DMSO-enhanced growth in blue light can be rationalised. Light is absorbed by the carotenoids and energy transferred to Bchl and to the RC at which cyclic electron transfer occurs, hence the requirement for DMSO appeared to be unique in its ability to facilitate this blue light-enhanced growth, ruling out the possibility that this e¡ect was due to an enhancement of photosynthetic e¤ciency as a result of optimal poising of the cyclic electron transfer pathway. Finally, the experiments with the DorS mutant and the NMR experiments indicate that neither DMSO respiration nor its consumption via any other route is required to enhance the extent of growth of R. sphaeroides in blue light. As a result of these observations it is suggested that the enhanced growth of R. sphaeroides under blue light conditions is due to more e¤cient light harvesting. This could result from the unusual physico-chemical properties of DMSO. It has been reported to be capable of replacing water molecules associated with cellular constituents [21] . The crystal structure of the LHII complex from Rhodopseudomonas acidophila revealed a close association of the carotenoid with the 800 nm absorbing Bchl a molecule. A water molecule was observed in the crystal structure between the LHis12, the ring-D ester carbonyl oxygen and the putative formyl group coordinated to the central magnesium atom [2] . The major factor controlling the e¤ciency of carotenoid to Bchl energy transfer in LHII is the geometry of the system and there are stringent structural properties that allow excitation energy transfer from the carotenoid to the Bchl [5] . Perhaps DMSO replaces the water molecule or a¡ects the geometry of the system to allow more e¤cient energy transfer from carotenoid to Bchl. Several organic compounds were tested for their ability to enhance the growth of R. sphaeroides 2.4.1 in blue light. Dimethylsul¢de, dimethylsulfone, acetone, methionine sulfoxide and N,NP-dimethylformamide could not replace DMSO (data not shown).
The e¡ect of DMSO was seen at such low concentrations that the enhanced ability of R. sphaeroides to grow with blue light in the presence of DMSO may have ecological signi¢cance. Purple phototrophic bacteria such as Rhodobacter species are commonly found in aquatic environments and it is now known that DMSO is far more widespread in the environment than was previously thought [22] .
